concluded that the existing data do not support a detrimental effect of sperm DNA damage on ART outcomes. In contrast, the meta-analysis by Zini et al. 16 shows the negative effect of sperm DNA damage on ART outcomes and provides a clinical indication for the evaluation of sperm DNA damage before IVF or ICSI, and a rationale for further investigating the association between sperm DNA damage and pregnancy loss. A recent meta-analysis 17 strongly suggests that assays detecting sperm DNA damage should be recommended to those suffering from recurrent failure to achieve pregnancy.
INTRODUCTION
In recent years, a number of sperm-specific biomarkers have been studied to identify useful diagnostic tests of sperm function [1] [2] [3] [4] as the conventional semen parameters are shown to have a limited diagnostic value for male fertility. To date, tests of sperm DNA integrity and sperm nuclear protein have shown potential to discriminate infertile from fertile men. 5 The integrity of sperm DNA is considered to be vital for normal fertilization, embryo development, and for successful implantation and pregnancies in both natural and assisted reproduction. [6] [7] [8] Although some studies have found some value in the use of sperm DNA tests in the evaluation of male infertility, 9-12 the true prognostic value of sperm DNA assessment to predict assisted reproductive technology (ART) outcomes remains uncertain.
The current literature on sperm DNA damage and its effect on ART outcome is still controversial. The meta-analysis by Li et al. 13 concluded that sperm DNA damage is detrimental to IVF clinical pregnancy rates but not with ICSI pregnancy. Another meta-analysis 14 concluded that assessment of sperm DNA damage is not strong enough to provide any clinical advantage of these assays to evaluate infertile men. The Practice
ORIGINAL ARTICLE
A systematic review and meta-analysis to determine the effect of sperm DNA damage on in vitro fertilization and intracytoplasmic sperm injection outcome DNA strand breaks while SCSA and SCD measure chromatin integrity and the susceptibility of DNA to denaturation. 7 Each assay is known to measure different aspects of sperm DNA damage. 22, 23 The ability of these assays to accurately measure the level of DNA damage depends on the technical and biological aspects of each test. 24 The alkaline Comet assay may be used to study single-or double-strand DNA breaks and measures the migration of the DNA fragments in the electric field. The intensity of the comet tail represents the amount of fragmented DNA. 25 The TUNEL assay quantifies the level of labeled nucleotide incorporated at single-and double-strand DNA breaks in a reaction catalyzed by the template-independent enzyme deoxynucleotidyl transferase. 26 The SCD assay is based on the principle that sperm with fragmented DNA fail to produce the characteristic halo following acid denaturation and removal of nuclear proteins. 27 With the SCSA, the extent of DNA damage is determined by measuring the metachromatic shift from green fluorescence to red fluorescence following acid denaturation and acridine orange staining. 28 Despite differences in the principle and methodology of these assays, the levels of DNA damage measured by these assays show some degree of correlation. 29 Tests of sperm DNA damage appear to have some clinical utility in the evaluation of male infertility (discriminate infertile from fertile men) and correlate with conventional sperm parameters 0,30,31 while their ability to predict ART success remains limited. 7, 13, 14 Comparative analysis of these sperm DNA tests shows that some assays may be better predictors of ART outcomes than others. 32, 33 To reach a more definitive conclusion regarding the predictive value of these assays in the context of ARTs and to further examine why there are discrepancies between the various studies, we have performed a systematic review and meta-analysis with separate subanalyses, evaluating the value of each sperm DNA test in predicting ART outcomes. Furthermore, we conducted additional subanalyses to examine the relationship between these sperm DNA tests and reproductive outcomes after different ARTs (IVF, ICSI, or mixed IVF + ICSI).
METHODS

Literature search strategy and selection criteria
We searched the following electronic databases: MEDLINE, EMBASE, and PUBMED. We did not apply any restriction on date, type of publication, or language. A computerized search was performed in April 2014 using the search strategy by combinations of search terms related to "sperm DNA damage, " "sperm DNA fragmentation, " "sperm DNA integrity, " or "sperm DNA" along with "ART, " "IVF, " "ICSI, " "outcome, " "fertilization, " "embryo, " or "pregnancy, " and in combinations with "Comet, " "TUNEL, " "SCSA, " "Acridine orange, " "Halo, " or "SCD. " Reference lists of previous meta-analyses, relevant articles, and reviews were cross-searched for additional articles. In this way, data from studies that were missed by our search criteria were identified for inclusion. Two authors (L.S. and A.Z.) independently reviewed the abstracts and papers for eligibility and discrepancies were resolved by group discussion. When it was certain from the abstract that the paper was not relevant, the paper was excluded. Authors were contacted whenever possible if full manuscript, translations, or two-by-two data table were not available. We also considered inclusion of studies that collected relevant data but were excluded from the previous meta-analysis due to the inability to extract two-by-two tables.
Inclusion and exclusion criteria
Studies analyzing the relationship between sperm DNA damage and IVF or ICSI clinical pregnancy outcome were considered for inclusion in the meta-analysis if they satisfied the following criteria: (1) clinical study in human; (2) sperm DNA damage detected by the Comet, SCSA, SCD, or TUNEL assays; (3) IVF, ICSI, or mixed (IVF + ICSI) treatment methods; and (4) studies with sufficient data to construct the two-by-two table. Studies were excluded using the following criteria: (1) overlapping data or no original data; (2) conference abstracts; (3) extremely low sample size (n < 10); (4) testing of processed or washed sperm samples (to reduce heterogeneity of the meta-analysis); and (5) studies using slide-based acridine orange staining method as this method is deemed unreliable.
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Data extraction
The primary outcome measures included in the systematic review were clinical pregnancy following IVF, ICSI, and mixed IVF + ICSI treatment methods. The following information was extracted from the articles to perform the systematic analysis: author names, publication year, DNA damage assay, type of treatment, study design, sample size in each group, exclusion of important female factors (e.g., advanced age), and control of female factors (e.g., age).
For studies to be eligible for inclusion in the meta-analysis, we had to be able to construct two-by-two tables from the reported data (with pregnancy rate above and below DNA damage cutoff). The following outcomes were prerequisites for inclusion: clinical pregnancy (presence of a fetal heartbeat confirmed by ultrasound). If necessary, study authors were contacted to clarify the data. We recorded author names, publication year, patient selection, female inclusion/exclusion criteria, the treatment type (e.g., IVF, ICSI), sperm DNA assay type, cutoff point, number of cycles or patients, and number of pregnancies relative to abnormal or normal test results. From the two-by-two tables of test results, the following test properties were calculated for each study: sensitivity, specificity, positive predictive value, negative predictive value, proportion of abnormal tests, and diagnostic odds ratio (OR). In those studies using the SCSA where data with multiple cutoffs were reported, we selected the cutoff closest to the most frequently reported thresholds (e.g., %DFI at 27% or 30%).
Statistical analysis
The measure of treatment effect was the combined odds ratio of clinical pregnancy in the group with high levels of sperm DNA damage compared with the group with low levels of sperm DNA damage. The study-by-study comparisons were synthesized by a standard meta-analytic approach applied to the odds ratios (ORs) of the individual two-by-two tables.
tables could be constructed from the data). The 41 articles (with a total of 56 studies) included 16 IVF studies, 24 ICSI studies, and 16 mixed (IVF + ICSI) studies. The studies were segregated into SCSA (23 studies), TUNEL (18 studies), Comet (7 studies), and SCD (8 studies) based on the sperm DNA damage assays. The estimated odds ratio with confidence intervals and weight of the 56 studies using random-effect and fixed-effect models is presented in Table 2 .
Heterogeneity of the studies included for the meta-analysis
The overall and subgroup combined odds ratios of clinical pregnancy are shown in Table 3 . Assessment of the overall consistency of effects across the evaluated studies was low (I 2 = 61%). When the studies were segregated based on the type of DNA damage assays, the datasets of SCSA and TUNEL assays were of moderate heterogeneity (I 2 = 38% and 44%, respectively) and the datasets for Comet and SCD assays had a high degree of heterogeneity (I 2 = 66% and 73%, respectively). Among these studies, there were differences in study design, selection of subjects, and definition of threshold values for DNA damage (for a given assay).
Meta-analysis: relationship between sperm DNA damage and clinical pregnancy after IVF and/or ICSI In this meta-analysis, 56 studies (including 8068 ART cycles) were combined to determine the overall relationship between sperm DNA damage and clinical pregnancy outcome ( Table 4 ). The diagnostic odds ratios (ORs) ranged from 0.45 to 76 ( Table 2) , and in 18 of the 56 estimates, the ORs revealed a strong detrimental effect of sperm DNA damage on clinical pregnancy outcome ( Table 2 and Figure 2a-2c) . The Q statistic P < 0.0001 with an I 2 = 60.9% indicates a moderate to high degree of study heterogeneity ( Table 3 ). The negative effect of sperm DNA damage on clinical pregnancy was observed using the fixed effects model where the combined OR estimates of all studies was statistically significant (56 estimates, OR = 1.68; 95% CI: 1.49-1.89, P < 0.0001) ( Table 3) . Similarly, the negative effect of sperm DNA damage on clinical pregnancy was also observed using the random effects model where the combined OR estimates of all studies were also statistically significant (56 estimates, OR = 1.84; 95% CI: 1.5-2.27, Contd...
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Meta-analysis: Sperm DNA damage and ART outcome L Simon et al P < 0.0001) ( Table 3) . Overall, a strong negative association between sperm DNA damage and clinical pregnancy was observed after assisted treatments.
Relationship between sperm DNA damage and clinical pregnancy: subgroup analysis by type of assisted reproduction
The relationship between sperm DNA damage (assessed by one of four different DNA damage tests: TUNEL, SCSA, SCD, and Comet assay) and clinical pregnancy was analyzed in 3734 IVF treatment cycles (16 studies), 2282 ICSI treatment cycles (24 studies), and 2052 mixed IVF + ICSI treatment cycles (16 studies) ( Table 4 ). The heterogeneity (I 2 value, Q statistic P value) was moderate to high in the IVF and mixed IVF + ICSI studies (60.7%, P = 0.0008 and 64.4%, P = 0.0002, respectively) and moderate in the ICSI studies (48.7%, P = 0.0042) ( Table 3 ). The negative effect of sperm DNA damage on clinical pregnancy was observed with the fixed effects model where Figure 2a-2c , respectively. Overall, a strong negative association between sperm DNA damage and clinical pregnancy was observed after IVF and/or ICSI treatments.
Relationship between sperm DNA damage and clinical pregnancy: subgroup analysis by type of sperm DNA damage assay In this meta-analysis, data from studies using one of four commonly used sperm DNA damage measurement assays were analyzed separately using the fixed and random effect models. Of the total treatment cycles (n = 8068), sperm DNA damage was measured by SCSA in 2813 cycles (34.9%), SCD in 2359 cycles (29.2%), TUNEL in 2098 cycles (26.0%), and Comet in 798 cycles (9.9%) ( Table 4 ). The heterogeneity (I 2 value, Q statistic P value) was moderate to high in studies using the SCD (72.9%, P = 0.0005) and Comet assays (65.5%, P = 0.0079) and low to moderate in studies using the SCSA (38.1%, P = 0.0338) and TUNEL assays (43.8%, P = 0.0247) ( Table 3 ). The negative effect of sperm DNA damage on clinical pregnancy was observed using the random effects model where the combined OR estimates of TUNEL (18 estimates, OR = 2.22; 95% CI: 1.61-3.05; P < 0.0001), Comet (7 estimates, OR = 3.56; 95% CI: 1.78-7.09; P = 0.0003), and SCD studies (8 estimates, OR = 1.98; 95% CI: 1.19-3.3; P = 0.0086) were all statistically significant. In contrast, the random effects model, combined OR estimate of SCSA studies (23 estimates, OR = 1.22; 95% CI: 0.93-1.61; P = 0.1522), was not statistically significant. In summary, the combined ORs for TUNEL, Comet, and SCD studies but not SCSA studies demonstrated a negative effect of sperm DNA damage on clinical pregnancy outcome after ART.
Relationship between sperm DNA damage and clinical pregnancy: subgroup analysis by type of assisted reproduction and type of sperm DNA damage assay In a further subgroup analysis, we examined the relationship between sperm DNA damage and clinical pregnancy by type of assisted reproduction and type of sperm DNA damage assay using the random effects model ( Table 3 ). The combined OR estimates for TUNEL studies were statistically significant for all types of assisted reproduction (IVF, ICSI, and mixed IVF + ICSI studies) by the random effects model, demonstrating a negative effect of sperm DNA damage on clinical pregnancy outcome. The combined OR estimates for Comet studies were statistically significant (P = 0.0021) for IVF treatment type only and combined OR estimates for SCD studies were statistically significant (P = 0.0272) for mixed IVF + ICSI treatment type only. In contrast, the combined OR estimates for SCSA studies were not statistically significant when subgrouped according to the type of assisted reproduction. Taken together, the data show that a strong negative association between sperm DNA damage and clinical pregnancy (with a statistically significant combined OR estimate) was more consistently demonstrated in studies utilizing assays that measure sperm DNA damage directly (TUNEL and Comet assays) than in studies that measure sperm DNA damage indirectly (SCSA and SCD assay).
the combined OR estimates of IVF (16 estimates, OR = 1.65; 95% CI: 1.34-2.04; P < 0.0001), ICSI (24 estimates, OR = 1.31; 95% CI: 1.08-1.59; P = 0.0068), and mixed IVF + ICSI studies (16 estimates, OR = 2.37; 95% CI: 1.89-2.97; P < 0.0001) were all statistically 
DISCUSSION
We conducted a systematic review and meta-analysis of studies on sperm DNA damage (measured by SCSA, TUNEL, SCD, or Comet assay) and reproductive outcome after IVF and/or ICSI. We identified 67 pertinent articles in this systematic review. In 41 of these 67 papers, there were sufficient data to construct two-by-two tables and perform a meta-analysis of studies on the relationship between sperm DNA damage and clinical pregnancy after IVF and/or ICSI. From the 41 articles, we identified 56 studies involving 8068 treatment cycles (IVF and/or ICSI), which include 16 IVF studies (3734 treatment cycles), 24 ICSI studies (2282 treatment cycles), and 16 mixed IVF + ICSI studies (2052 treatment cycles). Of the total treatment cycles (n = 8068), sperm DNA damage was measured by SCSA in 2813 cycles (34.9%), SCD in 2359 cycles (29.2%), TUNEL in 2098 cycles (26.0%), and Comet in 798 cycles (9.9%).
In this study, we identified an overall detrimental effect of sperm DNA damage on clinical pregnancy rate after IVF and/or ICSI (56 IVF, ICSI or mixed IVF + ICSI studies) with a combined odds ratio of 1.68 (95% CI: 1.49-1.89). This is in contrast to prior meta-analyses 13, 14 and the report from the Practice Committee of the American Society for Reproductive Medicine 15 where a negative effect of sperm DNA damage on clinical pregnancy outcome was not established. A recent meta-analysis showed a negative association between sperm DNA damage and IVF pregnancy but not with ICSI outcomes. 17 Moreover, in our study, the random effects model combined OR estimates of IVF (16 estimates, OR = 1.92; 95% CI: 1.33-2.77; P = 0.0005), ICSI (24 estimates, OR = 1.49; 95% CI: 1.11-2.01; P = 0.0075), and mixed IVF + ICSI studies (16 estimates, OR = 2.32; 95% CI: 1.54-3.5; P = 0.0001) were all statistically significant, suggesting a detrimental effect of sperm DNA damage on ART outcome. Unlike the previous meta-analyses, where the majority of the studies evaluated sperm DNA damage by SCSA and TUNEL assays, we included more recent studies with several evaluating sperm DNA damage by SCD and Comet assay.
13,14 When we segregated our dataset according to the type of DNA damage assay, all but the SCSA studies showed a detrimental effect of sperm DNA damage on clinical pregnancy (after IVF and/or ICSI). The large dataset of SCSA studies (23 studies including 2813 ART cycles) did not show a statistically significant negative association between sperm DNA damage and clinical pregnancy. This is unlike a previous meta-analysis 36 where sperm DNA damage assessed by SCSA was positively associated with in vivo, IUI, and routine IVF pregnancy. We observed that studies using the SCSA and SCD assays showed a detrimental effect of sperm DNA damage on clinical pregnancy with the mixed treatment group only (mixed IVF + ICSI studies). In contrast, an analysis of studies using the TUNEL assay demonstrated the negative effect of sperm DNA damage on clinical pregnancy with all the three treatment groups (IVF, ICSI, and mixed IVF + ICSI studies), suggesting that a direct method of DNA damage measurement may be a better predictor of pregnancy outcome. 37 Our meta-analysis has a number of strengths. We performed a comprehensive literature search using three databases (MEDLINE, EMBASE, and PUBMED) and a reference search from the bibliography of the articles, which resulted in the identification of 56 studies. Two independent investigators approved the studies to be included or excluded from the meta-analysis. This study had sufficient published data to perform a meta-analysis on various types of treatment (IVF, ICSI, and mixed) as well as different type of DNA damage assays (SCSA, TUNEL, Comet, and SCD assays). We obtained a dataset with consistent protocols by excluding four studies with overlapping data [38] [39] [40] [41] and 18 studies with sperm DNA tests that were not one of the four inclusion tests (SCSA, TUNEL, SCD, or alkaline Comet assay): two studies using neutral Comet assay, 42, 43 two studies using in situ nick translation assay, 44, 45 and 14 studies using slide-based acridine orange staining method.
Our meta-analysis also has several weaknesses. One of the most important weaknesses of our study is the variable and poorly controlled clinical parameters of the evaluable studies (i.e., female factors, female age, number of embryos transferred, and assay cutoff/threshold). Moreover, the meta-analysis is also weakened by virtue of the different assisted treatment types and sperm DNA damage assays. Another important factor is the high study heterogeneity (61%; P < 0.001). This degree of study heterogeneity together with above factors (clinical parameters, sperm DNA assays) reduces our confidence in the combined ORs.
In the past two decades, sperm DNA damage has been one of the most extensively studied sperm parameters in the hope that this test may have clinical value. 46 Conventional semen parameters are shown to diagnose male fertility to some extent, but their associations to ART outcomes are limited; therefore, a need for newer tests has been emphasized. 47 A clinically useful sperm function test should have predictive value for natural and/or ART pregnancy outcomes and provide some added value in clinical decision-making. 46, 48 Although sperm DNA damage has the potential to become a useful clinical biomarker, 49, 50 the predictive value of this test in the context of IVF and or ICSI remains to be defined. 51, 52 Assuming that we are confident in the combined ORs derived from our meta-analysis, our data suggest that tests of sperm DNA damage may provide some predictive value in the context of IVF, ICSI, and mixed IVF + ICSI studies. An analysis of the 16 IVF studies (with a median pregnancy rate of 32%) revealed a median PPV of 79% and median NPV of 35%. Thus, in populations with an overall IVF pregnancy rate of 32%, sperm DNA damage assessment can discriminate between IVF pregnancy rates of 21% (positive test) and 35% (negative test), a notable difference in pregnancy rate of important clinical value. An analysis of the 24 ICSI studies (with a median pregnancy rate of 36%) revealed a median PPV of 64% and median NPV of 40%. Thus, in populations with an overall ICSI pregnancy rate of 36%, sperm DNA damage assessment can discriminate between ICSI pregnancy rates of 36% (positive test) and 40% (negative test), a small difference of modest clinical value. An analysis of the 16 mixed (IVF + ICSI) studies (with a median pregnancy rate of 44%) revealed a median PPV of 70% and median NPV of 50%. Thus, in populations with an overall mixed (IVF + ICSI) pregnancy rate of 44%, sperm DNA damage assessment can discriminate between mixed (IVF + ICSI) pregnancy rates of 30% (positive test) and 50% (negative test), a notable difference in pregnancy rate of important clinical value. However, it is important to exercise caution when estimating the predictive value of sperm DNA tests in the context of IVF and/or ICSI because these estimates are derived from relatively small studies (100-200 cycles), the study characteristics are heterogeneous (e.g., different assay types, sperm DNA threshold levels, and clinical parameters) and the precision of the various sperm DNA assays remains to be validated.
In spite of the large number of studies examining the relationship between sperm chromatin and DNA damage with pregnancy rate, the wide acceptance of sperm chromatin tests as part of the assessment of a man's fertility potential has met resistance. This stems from various factors, but the main factor is the lack of standardized protocols shown to provide reproducible results across a range of laboratories (i.e., unknown precision regarding reproducibility and repeatability of the various assays) and the fact that the thresholds for many of these tests have not been validated. 15 Moreover, our limited understanding of the underlying nature of sperm DNA damage has also limited the wide acceptance of these assays. 53 For example, how can we explain that when sperm DNA damage is measured in a given population using the Comet assay, a threshold value of 82% is obtained, while using the TUNEL assay the threshold value is 10%, 33 ,54 yet both threshold values are associated with clinical pregnancy rates.
To date, several reports have noted that there are insufficient data to demonstrate a negative association between sperm DNA damage and reproductive outcomes after IVF and/or ICSI. In this updated systematic review and meta-analysis, we have found a modest but statistically significant detrimental effect of sperm DNA damage on clinical pregnancy rate after IVF and/or ICSI (IVF, ICSI, and mixed IVF + ICSI studies). Although the adverse effect of sperm DNA damage on clinical pregnancies was observed in all three treatment groups (IVF, ICSI, and mixed IVF + ICSI studies), this effect appears to vary according to the type of assay used to measure sperm DNA damage.
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